The enzyme that catalyzes the transfer of coenzyme A (CoA) from short-chain acyl CoA derivatives to short-chain monocarboxylic acids was first discovered in Clostridium kluyveri by Stadtman (26) ; a similar enzyme has also been partially purified from Peptostreptococcus elsdenii (2) . This CoA transferase is distinct from the 3-keto acid CoA transferase from mammals (29) and the CoA transferase from Propionibacterium shermanii (1) in that it will not utilize succinic acid or 3-keto acids as substrates.
Extensive studies have not been reported for the short-chain CoA transferase, presumably due to the inconvenience of the assay. In this paper, we report the crystallization and characterization of the CoA transferase from P. elsdenii, as well as a new assay procedure which greatly facilitated the work. (A preliminary ' Publication no. 6796 of the Michigan Agricultural Experiment Station.
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report of this work has been published [K. K. Tung and W. A. Wood, Fed. Proc. 30:1266, 1971 ].) MATERIALS AND METHODS Bacteriological. P. elsdenii strain B-159 was grown on a medium of corn steep liquor and sodium D,L-lactate as described by Ladd and Walker (19) . Cells grown in deep culture at 37 C were collected in a Sharples centrifuge. Approximately 700 g (wet weight) of cells was harvested from a 200-liter culture grown in a 55-gallon (ca. 209-liter) drum. These were stored at -14 C.
Enzymes. A new assay, based on the hydration of acrylic acid in the presence of a catalytic amount of acetyl CoA, CoA transferase, and excess crotonase, was developed. The theoretical background will be detailed in Results. The standard enzyme assay mixture contained 2 jsmol of sodium acrylate, 5 nmol of acetyl CoA, 10 umol of potassium phosphate buffer (pH 7.0), limiting amounts of CoA transferase, and 1 unit of crotonase in a total volume of 0.2 ml. Incubation was conducted at room temperature, and the hydration reaction was followed continuously at 245 nm with a Gilford spectrophotometer. One unit of VOL. 124, 1975 CoA transferase will convert 1 gmol of acrylate to 0-hydroxypropionate per min under the described conditions. The hydration of 1 jsmol of acrylate will cause a decrease of 0.8 absorbance units at 245 nm (A,,d). The CoA transferase assay of Stadtman (26) involving phosphotransacetylase was used to confirm the newly developed assay. Crotonase and phosphotransacetylase were assayed according to Stern and del Campillo (30) and Stadtman and Barker (28) , respectively. J-Lactate dehydrogenase, acyl CoA dehydrogenase, and an electron transfer flavoprotein used in identification of acrylyl CoA by reduction to propionyl CoA were purified fractions from P. elsdenii supplied by H. L. Brockman (submitted for publication).
Chromatography. For analysis of volatile carboxylic acids, a sample containing the acids was acidified to pH 2.0 with a few drops of 1 N sulfuric acid and centrifuged to remove any insoluble material present. Suitable aliquots of the supernatant solution were subjected to gas-liquid chromatography using a precoated 10% free fatty acid, aqueous phase column at a running temperature of 120 C using N2 as a carrier gas at a flow rate of 20 ml/min.
,-Hydroxypropionic acid was isolated and identified on a silicic acid column according to Marvel and Rands (21) . It was eluted from the column by 100 ml of 25% butanol in chloroform. The acyl CoA in the reaction mixture was converted to its hydroxamate as described by Sokatch et al. (24) , and the hydroxamates were then identified by ascending thin-layer chromatography on cellulose using 2-butanol-HCOOH-H,O (75:13:12) and water-saturated butanol as solvents. Acid hydroxamates were detected by spraying with an FeCl, reagent.
Gel electrophoresis. Polyacrylamide gel electrophoresis was carried out at pH 8.3 according to the method of Davis (5) and at pH 7.0 by the method of Williams and Reisfeld (34) . Protein was visualized with Coomassie blue according to Chrambach et al. (4) . For relating the position of the protein band to CoA transferase activity, the gel was scanned at 280 nm immediately after electrophoresis. Each 0.25-cm section was then treated with 0.1 ml of 0.1 M phosphate buffer, pH 6.0, and the eluates were assayed for CoA transferase as described above.
The molecular weight of the CoA transferase subunit was determined by the sodium dodecyl sulfatepolyacrylamide gel procedure of Weber and Osborn (33) , and the molecular weight of intact CoA transferase was determined by the variable cross-linked gel electrophoresis procedure of Hedrick and Smith (11 Materials. Acrylic acid was obtained from B. F. Goodrich Co. and was redistilled over copper wire before use. Acrylic anhydride was purchased from City Chemical Corp. and used without further purification. Crystalline crotonase was a gift from M. J. Coon. 2-Keto-3-deoxy-6-phosphogluconic aldolase was prepared in this laboratory (10) . All other proteins and chemicals were commercial products and were used without further purification.
,B-Hydroxypropionyl CoA was synthesized from propionolactone according to Vagelos and Earl (32) . All other acyl CoA compounds were prepared from their acid anhydrides according to the method of Simon and Shemin (23) . (Fig. 2) . After extensive enzyme reaction, the acrylic acid peak was reduced to less than 5% of the original size, indicating that acrylate was modified in the combined enzyme system. Further, the disappearance of acrylate was also established by gas-liquid chromatography. Another acid peak representing 80% of the total acids appeared in a position corresponding to that of authentic ,B-hydroxypropionic acid.
RESULTS

Characteristics
Isolation and identification of f3-hydroxypropionate. Twenty millimoles of acrylic acid, in 20 ml of water and titrated to pH 7.0 with NaOH, was incubated with CoA transferase and crotonase at room temperature for 3 days. The reaction was stopped by acidifying with HCI, and the excess acrylic acid was removed by evaporation. The reaction product was crystallized as a Zn-Ca salt as described by Den et al. (6) . One hundred and eighty milligrams of crystals was collected and dried over P205 overnight. The infrared spectrum shown in '0.07-- To determine whether on and dehydration reactions are ic, acrylate, enzymes, and acetyl ncubated in T2O at room temperaSince the reaction reaches equilib-0.5 h, the prolonged incubation e the exchange of tritium among ter, acrylate, and ,B-hydroxypropioaction was stopped by adjusting the h sodium hydroxide, and the excess ter was removed by repeated lyophiaddition of H,O. The acidified reacts were then separated and characilica gel column chromatography as pyruvate propionyl CoA (4) described in Materials and Methods. Theoretically, repeated non-stereospecific hydration and dehydration would result in the incorporation of one equivalent of tritium at the a-carbon of acrylate and two equivalents of tritium at the a-carbon of f,-hydroxypropionate. On the other hand, a stereospecific reaction should leave no tritium in acrylate and one equivalent of tritium in ,-hydroxypropionate. The data in Table   2 indicate that only 0.7 equivalent of tritium was incorporated per mol of ,B-hydroxypropionate and less than 0.015 equivalent into acrylate. Therefore, our data suggest a stereospecific hydration-dehydration process, as reported previously for crotonase (30 bath for no more than 10 min, and then it was heated to 58 C for 5 min in a 70 C water bath. The denatured proteins were removed by centrifuging at 30,000 x g for 10 min.
Ammonium sulfate fractionation. Over a period of 20 min, 31.3 g of ammonium sulfate was added to 100 ml of dark green supernatant from the heat treatment. This 50% saturated solution was centrifuged at 30,000 x g for 30 min, and the pellet was discarded. Similarly, 15 .7 g of ammonium sulfate was added to produce a 70% saturated solution, which was allowed to stand in an ice bath for 1 h before centrifugation (30,000 x g, 30 min). The yellow precipitate was collected and re-dissolved in 20 ml of 0.05 M phosphate buffer (pH 6.0).
Second heat treatment. The ammonium sulfate fraction was diluted to 20 mg of protein per ml with 0.05 M phosphate buffer (pH 6.0) and transferred to a round-bottom flask. The diluted solution was brought to 55 C in a 70 C water bath within 10 min. The flask was immersed in water at 65 C for 7 min with constant stirring and then placed in an ice-water bath for 1 h before centrifugation. The precipitate was discarded.
Alcohol fractionation. To each 100 ml of the heated fraction, 80 ml of 90% ethyl alcohol at -20 C was slowly added while the mixture was maintained near its freezing point. The resulting turbid solution was equilibrated at -20 C for 20 min and then centrifuged at 30,000 x g at -20 C for 10 min. An additional 120 ml of cold alcohol for each 100 ml of heated fraction was added to the supernatant solution; the temperature was kept around -20 C. The mixture was centrifuged at -20 C, and the supernatant solution was discarded. The precipitate was re-dissolved in 0.02 M phosphate buffer (pH 6.0). The insoluble residue was removed by centrifugation, and the clear, light yellow solution was dialyzed overnight against 0.02 M phosphate buffer (pH 6.0).
Chromatography on SE-Sephadex. About 50 ml of the dialyzed enzyme preparation was applied to an SE-Sephadex C-50 column (2.0 by 20 cm) equilibrated with 0.02 M phosphate buffer, pH 6.0, and was carefully washed into the bed. The column was treated with the same buffer at a flow rate of 24 ml/h, and the effluent was collected in 5-ml fractions. The (Fig. 4) . The gel electrophoresis data of the twice-crystallized CoA transferases are also shown in Fig. 4 . Figure  5 indicates the correspondence of the enzyme activity with the protein band on acrylamide gel electrophoresis.
Characteristics of CoA transferase. Molecular weight. The Care was taken to insure the reproducibility of these results. Reciprocal plots of the resulting data in Fig. 6 show a series of parallel lines characteristic of a ping-pong bi bi mechanism, in which one product is released before the second substrate combined with the enzyme. This type of kinetics suggests that the CoA transferase from P. elsdenii catalyzes the reaction through the two half reactions (see Discussion, equation 5).
Sodium acetate was used in inhibition studies as a product or substrate analogue. elsdenii and 3-keto acid CoA transferase from pig heart. Thus far, only the 3-keto acid CoA transferase from pig heart (13) and, in this report, the CoA transferase from P. elsdenii have been purified to homogeneity and extensively studied. Although both enzymes catalyze similar reactions, possibly through identical mechanisms, the enzymes were clearly distinguished from each other by their distribution, substrate specificity, and general role in metabolism. VOL. 124, 1975 on October 27, 2017 by guest http://jb.asm.org/ lJhe 3-keto acid CoA transferase is widely distributed in mammalian heart, skin, kidney, and muscle (15) . The enzyme is believed to initiate the metabolism of acetoacetate. The aliphatic acid type of CoA transferase has only been detected in anaerobically grown bacteria such as C. kluyveri and P. elsdenii. Since both organisms are known for their ability to utilize or produce short-chain carboxylic acids, it is likely that CoA transferase has a major role in the metabolism of these acids. Table 7 showed that both enzymes have clearly defined and non-overlapping substrate specificities. The 3-keto acid CoA transferase reacts only with succinic acid and 63-keto acids, with the highest activity toward acetoacetate. On the other hand, the CoA transferase from P. elsdenii reacts with straight-chain, branchedchain, a,,B-unsaturated, and hydroxy-substituted short-chain carboxylic acids, with highest activity toward carboxylic acids containing three carbon atoms. Similar substrate specificities were reported by Stadtman for the CoA transferase from C. kluyveri (26) .
Kinetics and the back reaction. 
V1AB
KbA + KaB + AB Equation 10 predicts a series of parallel lines for the double reciprocal plots. We observed such a pattern in our kinetic studies (Fig. 6) .
For the reverse reaction (i.e., the dehydration of,-hydroxypropionate), our data suggested a slow rate and a complicated mechanism. This can be explained by examining the rate equation 6.
In the present case, Q (acrylyl CoA) is one of the substrates and A (,@-hydroxypropionyl CoA) is one of the products. The low concentration of acrylyl CoA obviously leads to a slow reaction rate. The high concentration of 6-hydroxypropionyl CoA will produce competitive inhibition for acrylyl CoA and a noncompetitive inhibition VIV2(AB -PQ/Keg) (6) 7.5 resulted in an 80% inactivation of the enzyme. Since no inactivation occurred in a contol with untreated CoA transferase, and since borohydride is known to reductively cleave thiol esters to the corresponding thiol and alcohol (25) , there is reason to believe that a thiol ester bond between CoA and enzyme was reduced with resulting inactivation. Inactivation of an enzyme-CoA intermediate, but not the free enzyme by neutral hydroxylamine, also indicated a reaction of the thiol ester bond, resulting in enzyme-hydroxamate formation.
Reduction with borotritide and acid hydrolysis of the enzyme-CoA intermediate of the 3-keto acid CoA transferase from pig heart by Solomon and Jencks yielded a tritium-labeled a-amino-5-hydroxyvaleric acid (25) . Therefore, it was concluded that CoA is bound to the 'y-carboxyl group of glutamic acid residue on the protein.
For the enzyme-CoA intermediate for the CoA transferase of P. elsdenii, our results strongly suggest that a similar thiol linkage exists between the enzyme and CoA. However, there is a distinct difference between these two enzyme-CoA intermediates. For instance, Hersh and Jencks (14) reported a half-life of 42 min for the pork heart enzyme-CoA intermediate at pH 6.5. Under similar conditions, the enzyme-CoA intermediate from P. elsdenii can be prepared at room temperature and stored at -20 C for several days without deterioration. Whether this stability difference simply reflects, in the case of the P. elsdenii enzyme, that CoA is bound to an amino acid other than glutamic acid, or is the result of microenvironmental difference between these two proteins, is not known.
Metabolism of acrylate in P. elsdenii. The metabolism of acrylate by P. elsdenii was studied by Lewis and Elsden and Ladd and Walker, both in vivo (20) and in vitro (19 CoA, semi-malonyl CoA, and malonyl CoA to acetate as described by Vagelos and his colleagues in C. kluyveri (31, 32) .
